Introduction
Ice nucleation can occur in the atmosphere by either homogeneous nucleation or heterogeneous nucleation. Heterogeneous nucleation involves solid or partially solid particles, called ice nuclei (IN) , that have the potential to modify climate by changing the formation conditions and properties of ice clouds and mixed-phase clouds (Baker and Peter, 2008; Hegg and Baker, 2009; Lohmann and Hoose, 2009) . At temperatures greater than approximately −38 • C, freezing occurs initially by heterogeneous nucleation on ice nuclei. Possible atmospheric ice nuclei include mineral dust Hung et al., 2003; Pruppacher and Klett, 1997) , soot (Andreae and Rosenfeld, 2008; Kärcher et al., 2007) , crystalline salts (Abbatt et al., 2006; Martin, 1998; Shilling et al., 2006; Wise et al., 2010; Zuberi et al., 2002) , and biological aerosol particles (Christner et al., 2008; Möhler et al., 2007) .
Several recent reviews have highlighted the need to quantify the number and source of biological ice nuclei in the atmosphere (Ariya et al., 2009; Martin et al., 2010; Möhler et al., 2007; Szyrmer and Zawadzki, 1997) . In addition, it has been suggested that the most important carbonaceous particles that may be acting as ice nuclei above −15 • C may be biological particles . If biological ice nuclei are abundant in the atmosphere they can influence the hydrological cycle and may play an important role in precipitation (Sands et al., 1982; Morris et al., 2004) .
Recent field measurements of IN have highlighted the potential importance of biological particles in ice cloud formation in the atmosphere (Pratt et al., 2009; Prenni et al., 2009) . Pratt et al. (2009) observed that ice residuals collected in situ from cloud particles (from −31 • C to −34 • C) contain a significant fraction of biological material. Another recent study concerning biological IN has demonstrated that, for pristine conditions over the Amazon rainforest, the level of IN can be predicted though measurements of a combination of mineral dust and biological particles . To account for their data they had assumed that the sampled biological particles could induce ice nucleation with an efficiency of ∼0.2 for temperatures between −18 • C and −31 • C. At temperatures above approximately −25 • C biological IN appeared to dominate over mineral dust IN. Types of biological particles that can act as IN include bacteria, pollen and fungal spores. The most well-characterized biological IN species is the bacterium Pseudomonas syringae (P. syringae). This bacterium is an efficient IN species that is associated with onsets for ice formation as high as −2 • C Lindow et al., 1989; Maki et al., 1974; Morris et al., 2004; Vali et al., 1976) . The ice nucleating ability of pollen, relatively large bioaerosol particles with a diameter range of 10-100 µm , has been addressed in several studies (Diehl et al., 2001 (Diehl et al., , 2002 von Blohn et al., 2005) . Freezing temperatures for 4 types of pollen particles in the immersion freezing mode ranged from −13.5 • C to −21.5 • C (von Blohn et al., 2005) . However, the fraction of pollen grains that are effective IN have not yet been determined.
Concerning the IN ability of fungi, a study by Pouleur et al. (1992) had examined the IN capability of suspensions of 20 fungal species at temperatures as low as −10.0 • C. However, the IN ability of fungal spores was not specifically determined.
Recent modelling studies have begun to explore the effect of biological ice nucleation on cloud microphysics, dynamics and precipitation (Diehl et al., 2006; Hoose et al., 2010; Phillips et al., 2009 ). However, due to the limited understanding of the ice nucleation properties of biological particles, such modelling studies often have significant uncertainties. More studies on the ice nucleation properties of biological particles are needed, especially focusing on the abundant types of biological particles found in the atmosphere.
Spores, which are the reproductive units of fungi, are liberated into the air and are dispersed by air currents into the atmosphere. The amount of fungal spores in the atmosphere is subject to the time of day and meteorological factors (Gilbert and Reynolds, 2005; Hirst, 1953; Kurkela, 1997; Stennett and Beggs, 2004; Stȩpalska and Wołek, 2009) . The average number of fungal spores in the continental boundary layer air is on the order of 10 3 -10 4 m −3 (Elbert et al., 2007) . As a result, they are of sufficient quantity for their consideration in ice cloud formation. To determine their atmospheric relevance, knowledge of their activation spectrum (i.e., proportion of active IN against temperature and ice supersaturation) is needed. Fungal spores can also be transported over vast distances. By convection, they can reach high altitudes in the troposphere (Fulton, 1966; Fulton and Mitchell, 1966; Gregory, 1978; Heise and Heise, 1948; Hirst et al., 1967a, b; Pady and Kelly, 1953; Proctor, 1935 Fig. 1 . Schematics of the optical microscopy technique coupled w controlled cell and a CCD camera. Panel (a) indicates the basic a instrumental components with relation to the gas flow of humidif provides a detailed view of the components that comprise the flo Fig. 1 . Schematics of the optical microscopy technique coupled with a temperature-controlled cell and a CCD camera. Panel (a) indicates the basic arrangement of the instrumental components with relation to the gas flow of humidified He. Panel (b) provides a detailed view of the components that comprise the flow cell. Proctor and Parker, 1938) , and even up to the mesosphere (Imshenetsky et al., 1978) .
This investigation focuses on the ice nucleation properties of one of the most abundant types of fungal spores found in the atmosphere: spores from the genus Cladosporium. Species of Cladosporium are regularly found on living and dead plant material. The spores of Cladosporium are passively launched (i.e, separated from the mycelium via wind currents) and they have mean aerodynamic diameters between roughly 2-4 µm (Fröhlich-Nowoisky et al., 2009; Hameed and Khodr, 2001; Jung et al., 2009b; Reponen et al., 2001) . Spores of Cladosporium have been frequently observed as the dominant spore near the ground in sampling studies, where they often comprise at least 35% of the total count as a yearly average (Al-Subai, 2002; Herrero et al., 2006; Li and Kendrick, 1995; Lim et al., 1998; Mallo et al., 2011; Mitakakis and Guest, 2001; Pyrri and KapsanakiGotsi, 2007) .
In these studies an optical microscope coupled with a temperature-controlled flow cell and a CCD camera were used to observe ice nucleation events for spores immersed in droplets of ultrapure water. These measurements were then used to assess the importance of ice nucleation on Cladosporium spores in the atmosphere.
Experimental
Experiments were carried out with a slightly modified apparatus to that used for ice nucleation experiments of organic materials (Parsons et al., 2004) , mineral dust (Eastwood et al., 2008) , and soot (Dymarska et al., 2006) . The current method allows for observations of the freezing of spore-containing water droplets. Additionally, the amount of fungal material present in the droplets was directly determined through the analysis of acquired video after evaporating the drops, providing insight on the relationship between the spore surface area and the heterogeneous freezing temperature.
Freezing experiments and apparatus
The apparatus used in the freezing measurements consisted of an optical microscope (Zeiss Axiolab A) coupled to a flow cell wherein the relative humidity (RH) could be accurately controlled and the temperature could be decreased or increased at a fixed rate ranging from 0.1-5.0 • C min −1 . Only one cooling rate, 5 K min −1 , was used due to experimental constraints. Higher cooling rates were not possible with the current setup and lower cooling rates resulted in significant mass transfer between unfrozen and frozen droplets. A schematic of the flow cell is shown in Fig. 1 . The optical microscope was equipped with a 10× objective and a Sony XC-ST50 digital video camera, itself fitted with a 0.4× reduction lens. The temperature of the flow cell was controlled using a combination of a refrigerating circulator (ULT-95, Thermo Neslab) and an electrical heater supported by a temperature controller. Cell temperature was monitored through the use of a Pt-100 resistance temperature detector (RTD).
The bottom surface of the flow cell, which supported the spores during the freezing experiments, consisted of a presiliconized glass cover slide (Hampton Scientific, Hartfield, PA) that served as a hydrophobic substrate for reducing the probability of ice nucleation directly on the surface. It was previously demonstrated that these types of slides do not induce heterogeneous freezing of supercooled water droplets (Koop et al., 1998) .
The experimental protocol for the freezing experiments consisted of the following steps. Cladosporium spores were deposited on the bottom surface of the flow cell using the procedure described in Sect. 2.3. Next, the temperature of the flow cell was decreased to 2 • C and the dew point in the flow cell was set to approximately 3-5 • C using a humidified flow of ultra high purity (UHP) He (99.999%, Praxair). This resulted in the nucleation and growth of water droplets on the bottom surface of the flow cell and on the spores. Droplets were allowed to grow to 200-300 µm in diameter. The gas flow was then stopped and the flow cell was isolated by closing the valves immediately upstream and downstream of the cell. Next, the temperature in the flow cell was decreased at a rate of 5 • C min −1 until a temperature of −40 • C was reached. During this process, digital video was captured at a frame rate of 30 fps (frames per second) by use of the CCD camera. Images were acquired from the digital video and analysed to determine the freezing spectrum, defined as the fraction of droplets frozen as a function of temperature. After freezing, the temperature was increased to 2 • C and the droplets were exposed to a flow of dry He gas to fully evaporate the water, leaving only the spore inclusions on the slide. Images were also acquired during this procedure to determine the amount of fungal material contained in each droplet.
Figure 2 provides images of a droplet in a heterogeneous nucleation experiment at various conditions during an experiment. Panel a shows a droplet containing inclusions at the beginning of the freezing experiment. Panels b and c show images of the same droplets after freezing. Panel d shows an image of the remaining fungal spore inclusions after evaporating the droplet.
Experiments were also performed using ultrapure water droplets without spores. This provided a means to determine whether the hydrophobic substrate supporting the particles influenced the freezing results. In these experiments, pure water droplets were condensed from the vapour phase onto the hydrophobic surface and their freezing temperatures were determined using the same procedure as outlined above for heterogeneous freezing.
Temperature and cooling rate calibration
The RTD was calibrated against the melting points of ultrapure water (0.0 • C) and n-decane (−29.7 • C). Melting point determinations indicated a +0.16 • C offset for n-decane and a +0.07 • C offset for water. The reported freezing temperatures were corrected for bias using a fit function based on this offset data.
Preparation and collection of spores of
Cladosporium sp.
Cladosporium was obtained from existing stock at the Canadian Centre for the Culture of Microorganisms (CCCM) (Department of Botany, University of British Columbia, Canada). Colonies of Cladosporium were grown on potato dextrose agar in plastic Petri dishes. The cultures were incubated for a minimum of 3 weeks at 26 • C before any experiments were carried out. Preparation and collection of spores were conducted in a Class II biological safety cabinet to avoid contamination of the samples by dust and to prevent the release of spores into the laboratory environment. Spores were harvested from fungal colonies and deposited on hydrophobic slides using a spore dispenser (i.e., an RH meter and a flow cell) and an impactor (Fig. 3) . A scalpel was used to excise portions of the Cladosporium cultures from the Petri dish which were then transferred to a sterilized borosilicate glass flow tube. The tube was placed inside the flow cell and the spore dispenser was then hermetically sealed.
Inside the flow cell, UHP N 2 gas (99.999%, Praxair) was passed over the fungal cultures to dislodge and aerosolize the spores. A flow rate of 5 × 10 3 cm 3 min −1 was maintained during a 1 h collection time. A 120 cm 3 Supelcarb HC Hydrocarbon Trap (Sigma-Aldrich) minimized organic contaminants within the 300 L of N 2 admitted to the system during spore collection. Experiments used either dry N 2 or a humidified flow of N 2 (RH∼35%). Impaction of the spores onto the hydrophobic glass substrate occurred as the N 2 carrier gas exited a borosilicate glass impactor tube.
An Olympus IX70 inverted microscope equipped with a 40× objective was used to determine the morphology of the particles. A 20× objective was used to determine the size distributions of the collected spores.
Results and discussion

Morphology and size distribution of collected spores
Individual spores often appeared to be either roughly circular or, alternatively, lemon-shaped. Figure 4 provides several images of Cladosporium sp. spores at 40× magnification using the Olympus IX70 microscope. The morphology of these spores and their aspect ratios are consistent with results reported in the literature (Reponen et al., 1997; Schubert et al., 2007) . Approximately 90% of the spore dispersal units (i.e., particles dislodged from the fungal mycelium) contained 1 spore ( Fig. 4a-c) , and the remaining 10% contained 2 or more spores (Fig. 4d, e) . Observations in the atmosphere at ground level have shown that a significant fraction of the collected spore dispersal units contain 2 or more spores (Davies, 1957; Harvey, 1967; Hyde and Williams, 1953) .
In addition to characterising the morphology of the spores, we also determined the size distribution of individual spores to further confirm that the collected material was actually spores and also to provide an estimate of the size of spores used in our studies. Volume equivalent diameters (D volume ) for each individual spore were calculated using images recorded at 20× magnification with the IX70 microscope and the formula D volume = 3 √ W 2 · L, where W represents the maximum width orthogonal to the length L (Reponen et al., 2001) . Any dispersal unit that contained 2 or more spores (i.e., Fig. 4d, e) was not included in these calculations. The results from these calculations are shown in Fig. 5 . Individual spores had a mean volume equivalent diameter of 3.2 ± 1.0 µm (1σ S. D.). This mean diameter is consistent with reported diameters for spores of Cladosporium (Carlile et al., 2001; Fröhlich-Nowoisky et al., 2009; Hameed and Khodr, 2001; Jung et al., 2009a; Reponen et al., 1997) . The mean diameter may be an upper limit to the true mean size, because in our experiments particles having diameters less than approximately 1 µm were not resolved with the microscope. The mean size corresponds to single spores collected with the impactor. In the freezing experiments an average of 4.8 spores (i.e., spore units) was contained in each droplet (cf. Sect. 3.3). 
Pure water droplets
A total of 113 individual homogeneous freezing events was observed for pure water droplets without spores. Figure 6 provides a summary of the freezing results. As shown, 50% of the droplets had frozen at approximately −37 • C, which is within the range of temperatures expected when considering classical homogeneous nucleation theory. In Fig. 7 , the mean homogeneous freezing data is plotted as a function of droplet size (binned in 20 µm diameter bins). From the plotted data, a small dependence of freezing temperature on droplet size was observed as expected from classical nucleation theory (Pruppacher and Klett, 1997) . The mean freezing temperatures for all the size ranges studied are within 0.5-2.0 • C of the predicted homogeneous freezing temperatures using homogeneous nucleation rates and equations presented in Pruppacher (1995) and Pruppacher and Klett (1997) . In addition, the measured freezing temperatures are in good agreement with freezing temperatures reported in other studies for which unsupported droplets (i.e., aerosol droplets) were used. Wood et al. (2002), for example, reported average freezing temperatures of −37.0 • C to −37.3 • C for droplet diameters of 40-66 µm . The reasonable agreement between the predicted homogeneous freezing temperatures, previous homogeneous freezing experiments, and the results of this study illustrates that the hydrophobic surface supporting the particles does not significantly influence the freezing temperatures. This observation is consistent with previous measurements using similar supports (Bertram et al., 2000; Koop et al., 1998) .
Heterogeneous nucleation
Nine freezing experiments were carried out for water droplets containing fungal spores of Cladosporium, and 16-43 droplets were analysed for freezing in each experiment.
Only droplets that presented clear visual evidence for freezing and that contained spores were considered for the heterogeneous nucleation analyses. A total of 292 individual heterogeneous freezing events was observed. In these experiments the average surface area for the spore inclusions was 217 µm 2 (σ = 172 µm 2 ). Assuming that one spore corresponds to a diameter of 3.2 µm (as presented in Sect. 3.1) then, on average, each droplet in these experiments contained 4.8 spores.
The results from the heterogeneous freezing experiments are summarized in Fig. 6 . As seen, the heterogeneous freezing results are warmer than the pure water freezing experiments, where 1% of the droplets heterogeneously froze at −28.5 • C and 10% froze at −30.1 • C. It is interesting to note that the ice nucleation ability of Cladosporium is similar to kaolinite in the immersion mode (Murray et al., 2010; Lüönd et al., 2010) . Kaolinite, an abundant mineral in the atmosphere, is often considered a good ice nucleus.
In Fig. 7 , the heterogeneous freezing results are plotted as a function of droplet diameter in the same manner as for the freezing experiments of pure water droplets. This plot illustrates that the heterogeneous freezing results are statistically different from the pure water case and, hence, the fungal spores are acting as ice nuclei. The difference between homogeneous and heterogeneous freezing ranges from ∼3 • C to ∼5 • C.
Another way to analyse and present the heterogeneous freezing data is to do so as a function of inclusion size (i.e., surface area) contained within each droplet undergoing heterogeneous nucleation. A summary of the heterogeneous data binned according to inclusion area is provided in Fig. 8 . Included for comparison are the homogeneous data (zero surface area). Included as a secondary x-axis is the number of spores in each droplet, assuming an average spore diameter of 3.2 µm for the size of an individual spore. The general trend observed in Fig. 8 
is an increase in the median
Each image is 20 µm × 20 µm freezing temperature as the surface area of the inclusion increases per droplet (i.e., as the number of spores per droplet increases). This trend is consistent with previous heterogeneous freezing experiments in which the freezing temperature depended on the surface area of the heterogeneous ice nuclei (Archuleta et al., 2005; Hung et al., 2003; Kanji et al., 2008; Marcolli et al., 2007; Phillips et al., 2008) . The median heterogeneous freezing temperature for the smallest size bin (10-200 µm 2 ) is approximately 3 • C warmer compared to the homogeneous nucleation data. The dependence of spore inclusions on freezing temperatures has a pronounced effect especially for >8 spores droplet −1 at which point the average difference in supercooling between homogeneous nucleation and heterogeneous nucleation is 8 • C. There is a paucity of studies on the heterogeneous freezing of fungal spores for which comparisons may be made to this study. One study examined the IN ability of a wide variety of fungal genera, including 14 species of the genus Fusarium (Pouleur et al., 1992) . That study reported high freezing temperatures for the genus Fusarium (up to −2.5 • C). A caveat, however, is that the experiments were performed on droplets containing a suspension of fungal material and this does not provide specific results on the ice nucleating ability of fungal spores. Furthermore, the dependence on surface area was not addressed. Similarly, several ice nucleation experiments were carried out with species of lichens (Ashworth and Kieft, 1992; Kieft, 1988; Kieft and Ahmadjian, 1989; Kieft and Ruscetti, 1990) , which are symbiotic organisms wherein fungi and algae and/or cyanobacteria form a single biological entity (Nash, 2008) . In one particular study, Rhizoplaca chrysoleuca, a species of lichen, was found to induce freezing at approximately −4 • C (Kieft and Ruscetti, 1990) . However, the ice nucleation properties of spores from lichens were not addressed.
Compared to biological particles such as the bacterium P. syringae, Cladosporium is not an effective IN. For example, strains of P. syringae induce freezing at temperatures as high as −2 • C (Lindow et al., 1989; Maki et al., 1974; Morris et al., 2004a) and for some strains a freezing fraction of 10 −2 (i.e., the fraction of particles that are good IN) is reached at a supercooling of only 10-12 • C (cf. Fig. 1 in Phillips et al. (2009) ). There is evidence that the high effectiveness of these IN species is due to a protein located in the outer cell membrane that provides a suitable crystallographic match for water clusters (Green and Warren, 1985; Gurian-Sherman and Lindow, 1993; Lee et al., 1995; Morris et al., 2004; Szyrmer and Zawadzki, 1997; Kajava and Lindow, 1993) . The poor ice nucleation ability of Cladosporium spores compared to P. syringae is believed to be related to the composition of the spore surfaces. Spores from several species within the genus Cladosporium have been shown to be coated with a proteinaceous, hydrophobic rodlet layer (Aimanianda et al., 2009; Latgé et al., 1988) . The rodlet layer is largely composed of proteins called hydrophobins, which occur uniquely in mycelial fungi and have been identified in fungi from the phyla Basidiomycota and Ascomycota (Linder et al., 2005; Linder, 2009; Wessels, 1997; Whiteford and Spanu, 2002; Wösten, 2001) . These hydrophobic rodlet layers are generally found on the outer surfaces of spores and cause them to have a hydrophobic interface. Since it is thought that a major requirement for adequate IN ability is a surface that can undergo hydrogen bonding (Pruppacher and Klett, 1997) , it is not surprising that the studied Cladosporium spores appear to be poor IN.
Atmospheric implications
Above −15 • C, many mineral dusts become ineffective IN, although some field experiments show that some mineral dust particles are effective ice nuclei as warm as −5.2 to −8.8 • C (Sassen et al., 2003) . It has been suggested that the most important carbonaceous particles acting as ice nuclei above −15 • C may be biological particles . Our data suggests that, at temperatures above −15 • C, Cladosporium spores are not likely an important IN species in the atmosphere. Over this temperature range, we can expect that less than 0.5% will nucleate ice as a very conservative estimate from our data. Assuming that concentrations of fungal spores are on the order of ∼10 L −1 in the atmosphere (Elbert et al., 2007) , based on measurements in the boundary layer, and as an upper limit we assume that 50% of all spores are from the genus Cladosporium, it is estimated IN (e.g., mineral dust) . Modelling studies are required to assess the importance of Cladosporium in this temperature range. As mentioned above, Cladosporium has a similar ice nucleation ability in the immersion mode to kaolinite, which is an abundant mineral dust in the atmosphere (Murray et al., 2010; Lüönd et al., 2010) .
A recent study concerning biological IN in the wet season over the Amazon rainforest has demonstrated that the level of atmospheric IN can be predicted through measurements of a combination of mineral dust and biological particles ). To explain their data, Prenni et al. had assumed that the sampled biological particles could induce ice nucleation with an efficiency of ∼0.2 for temperatures between −18 and −31 • C. At temperatures above approximately −25 • C, biological particles appeared to dominate. The size range of IN measured by Prenni et al. (2009) was ≤1.3 µm in aerodynamic diameter. Some species of fungi can produce spores in this size range, but the fraction of Cladosporium spores in this size range is very small. In addition, for Cladosporium, less than 0.5% of the droplets were observed to freeze at temperatures above -25 • C according to Fig. 6 . Hence, Cladosporium spores cannot explain the observations by Prenni et al. (2009) Some other type of biological material must have been active as ice nuclei in these studies.
In a recent study by Pratt et al. (2009) , ice residuals collected in situ from cloud particles at −31 • C to −34 • C contained a significant fraction of biological material. There was, however, a notable size cutoff: ice residual particles >700 nm were not admitted to their MS instrument (for identification of biological markers within individual particles; a total of 46 particles were examined). The number of intact spores with aerodynamic diameters less than 700 nm in the atmosphere is likely very small (Fröhlich-Nowoisky et al., 2009; Hameed and Khodr, 2001; Jung et al., 2009a; Reponen et al., 2001) . Hence, some other biological material, besides intact fungal spores, was likely responsible for the observations by Pratt et al. (2009) .
Summary and conclusions
Given the lack of published studies on the heterogeneous freezing of fungal spores, cloud modelling calculations incorporating the effect of fungal spores have relied on assumptions. We focused on one of the most abundant types of fungal spores found in the atmosphere: spores from the genus Cladosporium. The onsets for heterogeneous freezing of pure water droplets containing spores of Cladosporium occurred as high as −28.4 • C. However, there was a strong dependence between the freezing temperature and the total spore surface area of Cladosporium for a given droplet. As such, mean freezing temperatures for droplets containing 1-5 spores are expected to be approximately −35.1 ± 2.3 • C. Our result suggests that fungal spores are ineffective IN at temperatures warmer than −15 • C. Assuming that the concentration of all types of fungal spores in the atmosphere is ∼10 L −1 and that 50% of these spores are of Cladosporium, the number of IN from Cladosporium spores is estimated as ∼0.025 L −1 . The poor ice nucleation ability of Cladosporium spores compared to the bacterial IN P. syringae can be rationalized on the basis of the spore surface of Cladosporium, which is coated with hydrophobins (a class of hydrophobic proteins that appear to be widespread in filamentous fungi). By comparison, the surface of P. syringae is believed to contain a protein that provides a hydrogen-bonding lattice match to ice.
Spores of Cladosporium may, nevertheless, compete with other active IN such as mineral dust at temperatures from −25 • C to −35 • C. A detailed modelling study is required to examine their impacts over this temperature range. The conclusions in this paper are based on fungal spores obtained from one species of fungi. For further generalization, studies on other types of fungal spores are required. However, it is interesting to note that hydrophobins are thought to be ubiquitous in filamentous fungi, rendering the bulk of species as unlikely candidates for effective IN based on our current understanding of heterogeneous ice nucleation.
